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Abstract 

Optical  actuation  of  liquid  droplets  has  been  experimentally  demonstrated  for  the  first  time  using  a  novel  optoelectrowetting  (OEW) 
principle.  The  optoelectrowetting  surface  is  realized  by  integrating  a  photoconductive  material  underneath  a  two-dimensional  array  of 
electrowetting  electrodes.  Contact  angle  change  as  large  as  30°  has  been  achieved  when  illuminated  by  a  light  beam  with  an  intensity  of 
65  mW/cm2.  A  micro-liter  droplet  of  deionized  water  has  been  successfully  transported  by  a  4  mW  laser  beam  across  a  1  cm  x  1  cm  OEW 
surface.  The  droplet  speed  is  measured  to  be  7  mm/s.  Light  actuation  enables  complex  microfluidic  functions  to  be  performed  on  a  single  chip 
without  encountering  the  wiring  bottleneck  of  two-dimensional  array  of  electrowetting  electrodes. 
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1.  Introduction 

Surface  tension  is  a  dominant  force  for  liquid  handling 
and  actuation  in  microscale.  Several  mechanisms  have  been 
proposed  to  control  surface  tension,  including  thermocapil¬ 
lary  [1],  electrowetting  [2,3],  and  light-induced  surface 
tension  change  [4].  Among  them,  the  electrowetting 
mechanism  has  received  increasing  interests  because  of 
its  fast  switching  response  and  low  power  consumption. 
The  surface  tension  between  the  solid-liquid  interface  is 
modified  by  external  electric  field,  which  reduces  the  contact 
angle.  Examples  of  electrowetting-based  microfluidic  sys¬ 
tems  include  optical  switches  [5],  digital  microfluidic  cir¬ 
cuits  [6],  and  liquid  lenses  with  variable  focal  length  [7]. 

Transport  of  liquid  in  droplet  forms  offers  many  advan¬ 
tages.  It  eliminates  the  need  for  pumps  and  valves,  has  no 
moving  parts,  and  is  free  of  leak  and  unwanted  mixing.  For 
Lab-on-a-chip  applications,  several  fluidic  functions,  such 
as  liquid  injection,  transportation,  mixing,  and  separation, 
need  to  be  integrated  on  a  single  chip.  This  has  been 
achieved  recently  by  Cho  et  al.  [6].  For  a  general  purpose 
fluidic  chip  that  is  capable  of  manipulating  multiple  droplets 
simultaneously  requires  a  two-dimensional  array  of  electro¬ 
des  to  control  the  local  surface  tension.  However,  this  results 


*  Corresponding  author.  Tel.:  +1-310-8257338;  fax:  +1-310-7945513. 
E-mail  address:  peiyu@icsl.ucla.edu  (P.Y.  Chiou). 

0924-4247/03/$  -  see  front  matter.  Published  by  Elsevier  Science  B.V. 
doi:  10. 1016/S0924-4247(03)00024-4 


in  a  large  number  of  electrodes  that  presents  a  challenge  for 
both  control  and  packaging  of  such  chips.  The  problem 
becomes  even  more  severe  as  the  droplet  size  scales  down. 
Though  the  number  of  electrodes  can  in  principle  be  reduced 
by  integrating  electronic  decoders  on  the  chip,  similar  to  the 
memory  access  circuits,  this  will  significantly  increase  the 
cost  of  the  chip. 

In  this  paper,  we  report  on  a  novel  mechanism  for  light 
actuation  of  liquid  droplets.  This  is  realized  by  integrating  a 
photoconductive  material  underneath  the  electrowetting 
electrodes.  We  called  this  mechanism  “optoelectrowetting 
(OEW)”.  We  have  successfully  fabricated  a  prototype  chip 
with  1  cm  x  1  cm  area.  A  micro-liter  droplet  has  been 
successfully  transported  to  any  location  on  the  chip.  This 
approach  completely  eliminates  the  wiring  bottleneck  of 
conventional  electrowetting  schemes.  This  concept  is 
extendable  to  nano-liter  or  smaller  droplets  by  scaling  down 
the  gap  spacing  and  the  electrode  size. 

2.  Principal  of  optoelectrowetting 

2.1.  General  concept 

Fig.  1(a)  shows  the  general  electrowetting  mechanism.  A 
droplet  of  polarizable  liquid  is  placed  on  a  substrate  with  an 
insulating  layer  between  the  liquid  and  the  electrode.  When 
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Fig.  1.  (a)  Conventional  electrowetting  under  dc  bias;  and  (b)  optoelec- 
trowetting  with  an  integrated  photoconductor  under  ac  bias. 

an  external  voltage  is  applied,  the  surface  tension  at  the 
solid-liquid  interface  is  modified  and  the  contact  angle 
changes.  The  voltage  dependence  of  the  contact  angle, 
0(Va),  is  described  by  Eq.  (1) 

cos[0(  VA)]  =  cos[0(O)]  +  Va2  (1) 

2«7lv 

where  VA,  d,  e,  and  yLV  are  applied  voltage,  thickness  of 
insulating  layer,  dielectric  constant  of  the  insulating  layer, 
and  the  interfacial  tension  between  liquid  and  vapor,  respec¬ 
tively.  If  an  ac  voltage  is  applied,  VA  is  replaced  by  the  root- 
mean-square  (RMS)  voltage  [8]. 

Fig.  1(b)  shows  the  concept  of  the  proposed  optoelec- 
trowetting  mechanism.  A  photoconductive  material  is  inte¬ 
grated  under  the  electrodes  of  conventional  electrowetting 
circuit.  The  electrical  impedance  of  the  liquid,  insulator, 
and  photoconductor  are  serially  connected.  From  Eq.  (1), 
the  contact  angle  change  of  the  droplet  on  this  OEW  surface 
is  determined  by  the  voltage  drop  across  the  insulating 
layer. 


The  frequency  of  the  ac  voltage  is  adjusted  such  that  the 
impedance  of  the  photoconductor  dominates  in  the  absence 
of  light  (dark  state).  Through  the  voltage  divider,  most  of  the 
voltage  drops  across  the  photoconductor  and  there  is  very 
little  voltage  across  the  insulating  layer.  Therefore,  the 
contact  angle  remains  the  same  as  the  equilibrium  value. 
Upon  illumination  of  light,  the  conductivity  of  the  photo¬ 
conductor  increases  by  several  orders  of  magnitude  due  to 
electron-hole  pair  generation.  The  impedance  of  the  photo- 
conductive  layer  becomes  much  smaller  than  that  of  the 
insulation  layer.  As  a  result,  most  of  the  voltage  drop  is  now 
across  the  insulating  layer.  The  contact  angle  is  therefore 
reduced  by  light  illumination. 

Fig.  2  shows  the  schematic  of  the  OEW  device  proposed 
in  this  paper.  The  liquid  droplet  is  sandwiched  between  a  top 
hydrophobic  surface  and  a  bottom  OEW  surface.  The  top¬ 
side  is  a  transparent  conductive  indium-tin-oxide  (ITO) 
glass  coated  with  20  nm  of  Teflon.  The  OEW  structure  is 
realized  by  integrating  a  two-dimensional  array  of  electro¬ 
wetting  electrodes  on  a  photoconductive  material.  In  our 
current  design,  20,000  electrodes  with  areas  of  50  pm  x 
100  pm  are  employed  over  a  chip  area  of  1  cm  x  1  cm.  The 
photoconductive  material  employed  here  is  amorphous  sili¬ 
con.  It  is  deposited  by  plasma-enhanced  chemical  vapor 
deposition  (PECVD).  The  electrodes  are  then  covered  by  a 
0.9  pm-thick  SiC>2  and  a  20  nm-thick  Teflon.  The  Al  elec¬ 
trode  below  the  photoconductor  has  a  grid  pattern  to  reduce 
parasitic  capacitance. 

The  principle  of  moving  a  liquid  droplet  on  an  OEW 
surface  along  a  light  path  is  shown  in  Fig.  3.  An  ac  voltage  is 
applied  between  the  top  ITO  electrode  and  the  bottom  Al 
grid.  The  voltage  drop  across  the  insulator  and  the  electrode 
is  controlled  by  light.  Shining  an  optical  beam  on  one  edge 
of  the  liquid  droplet  decreases  the  contact  angle  and  creates  a 
pressure  difference  between  two  ends  of  the  droplet,  as 
shown  in  Fig.  3.  This  forces  the  droplet  to  follow  the 
movement  of  the  optical  beam.  The  light  actuation  scheme 
described  here  requires  ac  bias.  Liquid  droplet  does  not 
move  under  dc  voltage  bias  because  all  the  voltage  drops 


Fig.  2.  Schematic  structure  of  the  optoelectrowetting  (OEW)  device.  A  photoconductive  material  (amorphous  Si)  is  integrated  with  a  matrix  electrode  array 
drive  liquid  by  light. 
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Fig.  3.  Principle  illustrating  light  actuation  of  liquid  droplets. 


across  the  insulating  layer  even  without  light  illumination. 
The  contact  angle  on  both  ends  of  the  droplet  decreases  and 
no  pressure  difference  is  created. 

2.2.  Equivalent  circuit  simulation 

The  equivalent  circuit  of  the  OEW  device  is  shown  in 
Fig.  4(a).  The  electrowetting  electrodes  are  electrically 
isolated  from  each  other.  The  ac  voltage  drop  between 
the  top  and  bottom  electrodes  is  divided  among  the  water 
droplet,  the  Si02,  and  the  photoconductor.  The  voltage  drop 
across  the  thin  Teflon  layer  coated  on  the  topside  ITO  glass  is 
neglected  because  it  is  very  small  compared  to  other  parts. 
The  voltage  drop  across  the  Si02  layer  controls  the  contact 
angle  of  the  droplet  on  top  of  that  electrode.  It  is  a  function  of 
the  ac  frequency  and  the  photoconductivity.  The  photore¬ 
sponse  of  the  OEW  equivalent  circuit  is  simulated  using 
SPICE.  Fig.  4(b)  shows  the  simulated  voltage  drop  across 
Si02  versus  the  frequency  of  the  ac  bias  for  various  photo¬ 
conductivity  values.  In  this  simulation,  the  ac  bias  voltage  is 
100  V.  The  conductivity  of  water  is  set  to  be  ~  1 0  6  S/cm. 
The  dark  conductivity  of  amorphous  silicon  is  measured  to 
be  1.67  x  1 0  8  S/cm.  The  dielectric  constants  of  water, 
Si02,  and  amorphous  silicon  are  72,  4,  10,  respectively. 
The  thickness  of  the  water  layer  is  500  pm.  The  values  of 
other  geometric  parameters  are  the  same  as  described  before. 
The  constant  c  represents  the  ratio  of  the  photoconductivity 
and  the  dark  conductivity 

r^nhoto 

c  =  — — 

If  dark 

where  <7photo  and  crdark,  are  photoconductivity  under  light 
illumination  and  the  dark  conductivity,  respectively.  Without 
light  illumination,  c  =  1.  As  shown  in  Fig.  4(b),  when  the  ac 
frequency  is  below  100  Hz,  there  is  a  significant  voltage 
drop  across  the  Si02  layer  even  in  the  dark  state.  Therefore, 
the  liquid  droplet  does  not  move  effectively  for  ac  frequen¬ 
cies  below  100  Hz.  For  frequencies  above  100  Hz,  only  a 
small  amount  of  voltage  drops  across  the  Si02  layer  in  the 
dark  state.  Under  light  illumination,  the  voltage  drop  across 


AC<? 


Rw.  Cw:  resistance  and  capacitance  of  water 
Coxide:  capacitance  of  between  liquid  and  electron 
Rasi,  Casi:  resistance  and  capacitance  of  amorphous  Si 

(a) 


(b)  AC  Voltage  Frequency  (Hz) 


Fig.  4.  (a)  Equivalent  circuit  of  the  optoelectrowetting  device.  Under  light 
illumination,  the  voltage  drop  across  the  photoconductor  decreases, 
resulting  in  an  increase  of  voltage  drop  across  Si02.  (b)  Simulated  voltage 
drop  across  Si02  vs.  frequency  of  the  bias  voltage  for  various 
photoconductivities.  The  constant  c  is  the  normalized  photoconductivity. 

Si02  increases  because  the  photoconductor  becomes  more 
conductive.  The  voltage  drop  on  Si02  increases  with  light 
intensity  until  the  impedance  of  the  photoconductor 
becomes  negligible.  As  shown  in  Fig.  4(b),  the  increase 
saturates  when  c  >  400.  For  frequencies  above  700  Hz,  the 
impedance  of  the  water  becomes  comparable  to  that  of  the 
Si02  layer.  The  voltage  drop  across  Si02  is  reduced.  From 
the  discussion  above,  the  most  effective  frequencies  for 
OEW  is  between  100  and  700  Hz.  This  frequency  range 
varies  with  device  geometry.  For  example,  the  high  fre¬ 
quency  limit  increases  for  thinner  layer  of  water  because  of 
lower  water  impedance. 

3.  Contact  angle  measurement  under  light 
illumination 

3.1.  Photoconductivity  measurement 

To  effectively  change  the  contact  angle  by  light,  the 
photoconductor  needs  to  satisfy  the  following  criteria: 
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(1)  Low  dark  conductivity:  This  ensures  the  voltage  will 
mainly  drop  across  the  photoconductor  in  the  absence 
of  light. 

(2)  Short  carrier  recombination  lifetime:  This  enables  fast 
switching  of  contact  angles  and  high  speed  actuation  of 
liquids. 

(3)  Visible  light  response:  Low  cost  visible  light  sources 
(either  diode  lasers  or  light-emitting  diodes)  are  readily 
available. 

Amorphous  silicon  satisfies  all  three  criteria.  Its  dark 
conductivity  is  10"  s  S/cm,  the  carrier  recombination  life¬ 
time  is  around  one  microsecond,  and  it  is  responsive  to 
visible  light.  The  photoconductivity  of  amorphous  silicon  is 
characterized  using  a  test  device  shown  in  Fig.  5(a).  Two 
coplanar  Al  electrodes  form  ohmic  contacts  with  a  pat¬ 
terned  amorphous  silicon.  Good  ohmic  contact  is  important 
for  precise  measurement  of  the  photoconductivity.  A  white 
light  source  with  uniform  intensity  is  used  for  the  measure¬ 
ment.  The  measured  photoconductivity  versus  light  inten¬ 
sity  is  shown  in  Fig.  6.  The  conductivity  increases  by  80 
times  under  illumination  of  light  with  an  intensity  of 
65  mW/cm2. 

3.2.  Contact  angle  measurement 

To  measure  the  contact  angle  change,  an  OEW  surface 
is  fabricated  on  a  glass  substrate.  The  thickness  of  the 
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Fig.  6.  Photoconductivity  vs.  light  intensity  for  amorphous  silicon. 


amorphous  silicon  layer  is  the  same  as  the  sample  used  in 
the  photoconductivity  measurement.  The  experimental  setup 
is  shown  in  Fig.  5(b).  The  liquid  used  here  is  de-ionized  (DI) 
water.  A  CCD  camera  is  used  to  record  the  side-view  profile 
of  the  droplet.  A  500  Hz,  100  V  ac  signal  is  applied.  Fig.  7 
shows  the  side-view  profiles  of  the  droplet  in  the  dark  and 
under  light  illumination  of  65  mW/cm2  intensity,  respec¬ 
tively.  The  contact  angle  is  measured  from  the  captured 
image  of  the  droplet. 

Since  the  electrowetting  electrodes  only  covers  part  of  the 
OEW  surface,  we  need  to  consider  the  fill  factor  of  the 
electrodes  when  we  calculate  the  change  of  contact  angles 
due  to  OEW  effect.  Since  the  size  of  the  droplet  is  much 
bigger  than  that  of  an  electrode,  the  OEW  surface  can  be 
treated  as  a  composite  surface.  The  contact  angle  observed 
in  the  experiment  is  an  average  effect.  The  average  contact 
angle  is  described  by  the  equation 

cos[0]  =/i  cos^V,/)]  +fi[d2(V)]  +/3cos[03]  (2) 

where  /),  f2,  are  the  fill  factors  of  the  electrowetting 
electrodes,  the  interconnect  lines  for  bias,  and  the  areas 
without  any  metals,  respectively;  6i  the  contact  angle  on  the 
electrode  and  is  a  function  of  bias  voltage  and  light  intensity; 
02  the  contact  angle  on  the  wire  and  is  a  function  of  bias 
voltage  only  because  the  wire  is  directly  beneath  the  Si02; 


Without  Light 


Light  Intensigy:  65mw/cm2 


Fig.  5.  Experimental  setup  for:  (a)  photoconductivity  measurement;  and  Fig.  7.  Side-view  profiles  of  the  droplets  with  and  without  light 
(b)  contact  angle  measurement  on  optoelectrowetting  (OEW)  surface.  illumination. 
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Fig.  8.  Contact  angle  of  a  water  droplet  vs.  light  intensity  on  an  OEW 
surface. 


Fig.  9.  Photograph  and  microscope  picture  of  the  OEW  device. 


proposed  different  mechanisms  to  explain  this  phenom¬ 
enon  [8-11]. 


and  (7,  is  the  contact  angle  on  Teflon  and  is  a  constant.  For 
the  device  described  in  this  paper,  the  contact  angle  change 
due  to  bias  wires  is  less  than  3°. 

The  measured  contact  angle  versus  light  intensity  is 
shown  in  Fig.  8.  The  simulated  result  is  also  plotted  in  the 
same  figure.  In  our  theoretical  calculation,  the  conduc¬ 
tivity  of  water  is  assumed  to  be  10“6  S/cm.  The  para¬ 
meters,  VA,  d,  £,  and  yLV,  used  in  Eq.  (1)  are  70  V,  1  pm, 
4  x  8.854  x  10~12  F/m,  73  mN/m,  respectively.  For  sim¬ 
plicity,  we  use  linear  approximation  for  the  relationship 
between  photoconductivity  and  light  intensity  (Fig.  6).  In 
this  device,  the  measured  contact  angle  saturates  at 
around  75°.  This  saturation  results  from  the  limitation 
of  electrowetting.  The  mechanism  of  contact  angle 
saturation  is  not  fully  understood.  Several  groups  have 


4.  Experimental  demonstration  of  liquid  transport 
by  light 

Fig.  9  shows  the  photograph  and  microscope  picture  of  the 
OEW  device.  The  chip  area  is  1  cm  x  1  cm,  and  the  area  of 
each  Al  electrode  is  50  pm  x  100  pm.  Over  20,000  electro¬ 
des  have  been  fabricated  on  the  OEW  surface.  To  demon¬ 
strate  light  actuation,  a  water  droplet  with  a  diameter  of 
2  mm  is  sandwiched  between  a  Teflon-coated  ITO  glass  and 
an  OEW  surface  with  a  gap  spacing  of  0.5  mm.  A  4  mW 
laser  at  532  nm  wavelength  is  used  to  drag  the  liquid  droplet. 
The  droplet  is  successfully  moved  across  the  1  cm  x  1  cm 
surface  by  the  laser  beam.  A  droplet  speed  of  7  mm/s  was 
observed.  The  speed  is  currently  limited  by  the  scanning 
speed  of  the  laser.  Fig.  10  shows  four  snap  shots  of  the  video 
recording  showing  the  transport  of  the  liquid  droplets.  The 


Fig.  10.  Images  of  liquid  transport  across  a  1  cm  x  1  cm  OEW  area  actuated  by  an  optical  beam. 
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laser  illuminated  spot  at  the  leading  edge  of  the  droplet  is 
also  visible. 


5.  Conclusion 

A  novel  optoelectrowetting  mechanism  has  been  pro¬ 
posed  to  move  liquid  droplets  by  light.  This  mechanism 
combines  electrowetting  with  light  response  of  photocon¬ 
ductors.  Light  actuation  enables  a  large  number  of  electro¬ 
wetting  electrodes  to  be  addressed  without  wiring 
bottlenecks.  Experimentally,  over  20,000  electrodes  have 
been  integrated  on  a  1  cm  x  1  cm  area  and  only  a  single 
electrical  bias  is  needed  for  the  entire  device.  Amorphous 
silicon  is  chosen  to  be  the  photoconductive  material  because 
of  its  low  dark  conductivity,  visible  light  response,  and  short 
carrier  recombination  lifetime.  Contact  angle  reduction  as 
large  as  30°  has  been  experimentally  observed  under 
65  mW/cm2  light  illumination.  Movement  of  liquid  droplet 
at  7  mm/s  across  a  1  cm  x  1  cm  OEW  surface  has  been 
successfully  demonstrated  using  a  4  mW  laser  beam. 
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